In recent years, global changes are the major causes of frequent, widespread outbreaks of pests in mosaic landscapes, which have received substantial attention worldwide. We collected data on global changes (landscape and climate) and economic damage caused by six main insect pests during 1951-2010 in China. Landscape changes had significant effects on all six insect pests. Pest damage increased significantly with increasing arable land area in agricultural landscapes. However, climate changes had no effect on damage caused by pests, except for the rice leaf roller (Cnaphalocrocis medinalis Guenee) and armyworm (Mythimna separate (Walker)), which caused less damage to crops with increasing mean temperature. Our results indicate that there is slight evidence of possible offset effects of climate changes on the increasing damage from these two agricultural pests. Landscape changes have caused serious outbreaks of several species, which suggests the possibility of the use of landscape design for the control of pest populations through habitat rearrangement. Landscape manipulation may be used as a green method to achieve sustainable pest management with minimal use of insecticides and herbicides. biological control, cropland expansion, global warming, mosaic landscape, pest damage Citation:
INTRODUCTIN
Global changes, including landscape change and climate change, have become an important topic in ecology, especially with regard to biodiversity loss and pest outbreaks in agro-ecosystems during recent decades (Batary et al., 2011) . These global changes are expected to disturb biotic interactions (such as pest-natural enemy interaction) and reduce ecosystem services (such as biocontrol service) (Bianchi et al., 2006; Zhao et al., 2015a) . Recent studies suggest that climate change (global warming, drought, and floods) has altered pest damage, causing rapid changes in phenology, species ranges, life history, and interspecific relationship (Bianchi et al., 2006; Buntgen et al., 2009) . Increased crop production in agro-ecosystems has modified agricultural landscapes greatly since the 1950s in several ways, including cropland expansion and the destruction of natural habitats (e.g., grasslands and woodlands) (Cobbold et al., 2012) . These changes have also led to high landscape simplification, which is particularly important in agro-ecosystems. The current tendency of crop rotation and improved varieties generates rapid change and evolution in mosaic landscapes (Dangles et al., 2008; Eilers and Klein, 2009 ). In addition, these landscape changes may be the major drivers of increased pest damage and biodiversity loss in recent decades (Esper et al., 2007; Heller and Zavaleta, 2009 ).
Previous studies have found that oscillations in pest damage from year to year are related to landscape changes in relatively dynamic periods (Holland et al., 2012; Holzschuh et al., 2010; Huang et al., 2013) .
In recent years, landscape patterns and climate changes have caused rapid changes in plant resources, which have led to greater fluctuations in pest damage and species diversity (Jonsson et al., 2012; Katsanis et al., 2013) . In China, many conventional crop areas (e.g., wheat) have decreased, causing a great transformation in crop arrangement and composition (Kausrud et al., 2012) . At the same time, the loss and degradation of natural habitats have accelerated in agricultural landscapes, causing high landscape simplification in agroecosystems (Landis et al., 2000; Koh, 2007) . These changes are accompanied by frequent outbreaks of pest population, which have caused serious economic losses worldwide (Macfadyen et al., 2011; Marini et al., 2012) .
Climate changes may also affect pest damage. However, many studies on the relationship between landscape changes and pest damage have examined a relatively short temporal scale or have not explicitly included "time" as a variable for analysis in the mosaic cycles of agricultural landscapes Miyashita et al., 2012) . Landscape and climate are important aspects of global change that may affect interspecific relationships and insect communities (Montoya and Raffaelli, 2010) . However, the simultaneous effects of both landscape changes and climate changes on pest damage have not been reported previously (O'Rourke et al., 2011) .
Agricultural landscapes and climate conditions have evolved rapidly due to anthropogenic disturbance (Otieno et al., 2011) . However, the response of insect pests to landscape changes and climate changes in this dynamic process and over long periods have not received much attention (Perrin and Phillips, 1978) . The effects of pest damage on crop production in agro-ecosystems varied in different years due to landscape or climate changes, but the reasons for this are largely unknown (Pfannenstiel et al., 2012; Pluess et al., 2010) . We selected six important insect pests to analyze how their damage was affected by global changes over time. We also conducted a large-scale spatial analysis, including landscape changes and climate changes.
We expected that landscape changes and climate changes would be related to pest damage, based on the hypothesis that crop simplification and global warming would affect biological control agents (Zhao et al., 2015b; Poveda et al., 2012) . Based on the resource concentration hypothesis and habitat management, it was hypothesized that (i) landscape change and climate change would have a great effect on pest damage, and pest damage would increase with increasing landscape simplification and global warming, and (ii) landscape change would be the key driving factor and would have a greater influence on pest damage than climate change due to the polydirectional temperature fluctuations during the past 60 years in China (Figure 1) .
RESULTS
During the past 60 years, damage from all six pests, the rice leaf roller (Cnaphalocrocis medinalis Guenee), cereal aphid (Sitobion avenae (Fabricius)), corn borer (Pyrausta nubilalis (Hubern)), rice planthopper (Nilaparvata lugens (Stdl)), cotton bollworm (Helicoverpa armigera Hubner), and armyworm (Mythimna separata (Walker)), increased consistently. Multiple linear regression models indicated a significant increase in damage from all six pests with the expansion of arable land area. The rice leaf roller showed the most sensitive response to arable land area. Furthermore, the slope of the regression between the rice leaf roller and arable land area was 35.79 (F 1,59 =44.20, P=0.001) . However, climate warming had almost no significant effect on pest damage, except that the rice leaf roller and armyworm might have been enhanced slightly by global warming. Relationships between climate change (increase in mean temperature) and pest damage (rice leaf roller and armyworm) were significantly negative (Table 1 ). In addition, the regression slopes between the damages by these two pests and climate warming were small, only 1.01 for the rice leaf roller (F 1,59 =2.66, P=0.01) and 0.45 for the armyworm (F 1,59 =3.40, P=0.001). Climate changes had marginally negative effects on damage by the rice planthopper. The interactions of LC and CC with pest damage were not significant for any pest. Figure 2 ). In contrast to landscape effects, relationships between climate change and pest damage were negative. Damage from the rice leaf roller and armyworm decreased with increasing mean temperature. The rice leaf roller and armyworm were significantly affected by both landscape and climate changes. However, the other four species were only affected by landscape changes (Figure 2) .
The different crop types varied in their influences on different agricultural insect pests. Among oligophagous pests, the expansion of rice and corn had large effects on the damage from the rice planthopper and rice leaf roller, but no effect was found for other non-host crops (wheat and cotton). Additionally, the expansion of corn had significant effects on the cereal aphid and corn borer (Table 2) . Among polyphagous pests, the damage caused by the cotton bollworm increased significantly with increasing area of corn and wheat in China. The armyworm was also facilitated by the expansion of two crops (corn and rice) ( Table 2) .
The RDA diagram showed that the six pest species responded to the landscape changes and climate changes differently (the cumulative percentage variations of species data in the first four axes were, in order, 49.4%, 50.9%, 51.1%, and 51.2% (Figure 3) . Specifically, the effects of landscape changes on all six pests were greater than the effects of climate. According to the RDA, landscape changes were best correlated to cereal aphid, followed by cornborer, rice planthopper, cotton bollworm, rice stem roller, and armyworm. Climate changes were weakly correlated to damage by corn borer and wheat aphid, and there was almost no correlation with the other four pests (Figure 3) .
DISCUSSION
Previous studies have considered the proportions of arable land and non-crop habitats as appropriate metrics for studying the interactions between pests and landscape changes. In this study, landscape changes affected the damage from all six pests, which indicated that cropland expansion might be one of the main causes of the frequent pest outbreaks in recent times. Cropland expansion and removal of natural habitats were two key aspects in landscape changes. These landscape changes are caused by human activities, and have transformed many agricultural landscapes into expansive monocultures (landscape simplification) with little natural habitat (Schmidt-Entling and Dobeli, 2009 agree with previous studies (Schmidt et al., 2008; Segoli et al., 2012; Steingrover et al., 2010) in which cropland expansion led to widespread pest outbreaks in agricultural landscapes. However, climate change had a negative effect on the rice leaf roller and armyworm, which was in contrast with cropland expansion. Similarly, locusts (Locusta migratoria manilensis) have also been reported to be negatively affected by global warming . In addition, climate change did not affect the other four pests in our study. These pests could feed on various hosts and offset the effects of climate changes. The different responses of different species to climate changes have shown that climate change may create new challenges for pest management (Thies et al., 2005) . In the present study, we could not conclude that climate change enhanced pest damage. Although this topic has been extensively studied, it is still not possible to reach a universal conclusion. Further studies are required to elucidate this aspect.
Our results revealed that the widespread outbreaks of pests were strongly related to landscape changes. Climate change had little impact on pest damage, except for the rice leaf roller and armyworm. These results can be explained by two arguments. First, spatial scale is an important factor affecting pest damage in agricultural landscapes and our analyses were conducted at a relatively large spatial scale (60 years), which might have led to the widespread pest damage caused by landscape changes. Second, there may have only been minor variations in climate in the last 60 years, resulting in a weak relationship between climate change and pest damage that would be hard to observe . In another study, data from up to 1,000 years were used to analyze these relationships. Some other studies have reported effects of climate changes on pest damage (Tilman et al., 2012; Tscharntke et al., 2007) . The identification of landscape changes and climate changes, that may enhance or suppress pest damage can provide valuable information on the relationships between them (Tscharntke et al., 2012a) . The methods to distinguish these factors may be useful for analyzing relationships between global changes and pest damage, and for developing an effective habitat management strategy (Tscharntke et al., 2012b) .
Landscape changes have caused frequent outbreaks of several species, which raises the interesting issue whether landscape changes can be used to control pest populations through habitat rearrangement and reorganization. This method is optimal for sustainable pest management, because biological control methods can be explored, which is a necessary step to suppress pest damage through designing mosaic landscapes from a continuous temporal perspective (Vollhardt et al., 2008) .
In addition, pest management can be achieved by agricultural landscape design, and modifications can be tested at a landscape scale. Although the above studies opined that pest damage can be reduced by landscape modification, the results are not supported by all studies, especially those in which landscape composition had no effects on biological pest control (Werling and Gratton, 2010) .
Landscape changes have three main forms, crop rearrangements, intensification of agriculture, and loss of semi-natural habitats . Many other factors, including soil type and fertilizer may also affect pest damage, but these were not considered in these studies. Previous studies have indicated that pest population management was positively correlated with the percentage of semi-natural habitats, but negatively correlated with the percentage of arable land in an agricultural landscape.
There is much evidence that biological control services can be achieved through agricultural landscape design and reorganization (White et al., 1995) . Some studies have shown that crop arrangements affect pest damage at a local scale Woltz et al., 2012) . However, many other studies have not found any relationship between biological pest control and landscape composition (Zhang et al., 2009) . Whether landscape changes can affect pest damage at larger temporal or landscape scales requires further studies (Zhao et al., 2012) .
In our study, the expansion of host crops facilitated pest damage, while non-host crops had no effects on pest damage. Fertilizer input was also an important factor driving pest damage, especially increasing nitrogen fertilizer. The hypothesis that pest damage has a consistently positive correlation with the area of horticulture or agriculture at all spatial scales is supported by our results, which suggest that arable lands are favorable for pest damage. Although entire fields were under conventional management, pest populations in intensively used landscapes cannot be properly controlled by insecticide and herbicide applications. The subsequent re-colonization of pests from surrounding areas is likely to be a rapid process, which may explain the negative effect of intensively used agricultural areas on pest regulation (Zhao et al., 2013a) . This study suggests that landscape changes, such as agricultural intensification and degradation of natural habitats, which are supposed to increase crop yields, simultaneously led to frequent pest outbreaks and resulted in the wider use of insecticides (Zhao et al., 2013b) . Landscape manipulation is therefore desirable in terms of biodiversity conservation and recreation, but also to achieve sustainable pest management with minimal use of insecticides and herbicides (Zhao et al., 2013c) .
MATERIALS AND METHODS

Study sites
The study site was located in the main agricultural region of China. The region is characterized by a warm temperate continental climate, with a yearly mean temperature of about 8.8°C. In the past 60 years, the agricultural landscape has changed greatly due to agricultural intensification. Almost all crop regions were managed as commercial farms with cropland expansion. In contrast, non-crop habitats (grasslands, pastures, wetlands, and woodlands) managed for biodiversity conservation and sustaining ecosystem services have decreased greatly. At the same time, global warming has accelerated due to human activity. The economic damage caused by agricultural pests has increased greatly under these global changes. Therefore, landscape composition, climate conditions, and pest damage were sampled in all provinces of China to explore the outbreak mechanism of agricultural pests under global changes.
Landscape composition data
Data on all arable land in China were extracted from the statistical list from the Management Division of Plant Industry, Ministry of Agriculture of China (http://www.zzys. moa.gov.cn/) for the period of 1951-2010. Landscape composition was calculated annually at a regional scale throughout China. For analysis examined the total arable land area, including grain crops, wheat, rice, corn, vegetable crop, hemp, sugar, tobacco, fruit and nut crops. Non-crop habitats, including all semi-natural and natural lands (grasslands, forest, wetlands, rangelands, and woodlands), were not considered for this analysis. We defined the landscape change (LC) as an index of cropland expansion:
where AREA t+1 and AREA t were the areas of arable land in consecutive years (t+1 and t). Landscape change (LC) indicated the cropland expansion (arable land area), which was found to be an appropriate method to conduct landscape analysis in a previous research (Ratnadass et al., 2012) .
Climate data
Data on temperature, which is an important factor in climate AREA outbreak and AREA total are the area above the economic threshold and the total arable land area, respectively. This index was is also to be an appropriate method to conduct pest analysis in a previous study.
Statistical analyses
In order to determine the effects of landscape changes (LC) and climate changes (CC) on pest damage (PD), we first examined the correlation efficient between the occurrence of pest damage and these changes (LC and CC). Multiple linear regressions (REG) and a generalized linear model (GLM) were used to conduct the analysis. First, in the multivariable linear regression model (REG), we determined the influence of global changes (LC and CC) on PD, with the LC and CC as environmental (independent) variables and PD as the dependent variable (REG procedure, SAS institute Inc., USA, 2006) . At the same time, interactions between LC and CC were evaluated in the REG procedure.
Second, in generalized linear model (GLM), we used PD as the dependent variable, and LC and CC as independent variables. We modified the variables and constructed separate models for yearly timescales. Additive effects and separate interactions of LC and CC were not considered in models due to the absence of a logical relationship. In order to examine the relationship between specific crops and insects pests, we analyzed the effetcs of host crop area on pest damage by using Pearson's correlation and simple linear regression (lm). Modeling was performed using the MuMln packages in R statistical computing software.
Redundancy analysis (RDA) was performed to determine the influence of the global changes (LC and CC) on PD (CANOCO 4.5), with LC and CC as environmental variables and pest damage as the dependent variable.
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